Decades of research have yielded significant insight into the mechanism by which a cell translates an mRNA into the encoded protein. However many of the molecular details of the process remain a mystery. Translation initiation is an important control point in gene expression, and misregulation can lead to diseases such as cancer. A better understanding of the mechanism of translation initiation is imperative for the development of novel therapeutic agents. Recently, a combination of genetic, biochemical and biophysical studies has begun to shed light on how, at a molecular level, the translational machinery initiates protein synthesis. In the present review, we briefly compare and contrast the initiation pathways utilized by bacteria, archaea and eukaryotes, and then focus on translation initiation in eukaryotes and recent advances in our understanding of the subunit joining step of the process.
Introduction
In all domains of life, translation of an mRNA into its encoded protein proceeds through four major steps: initiation, elongation, termination and recycling (for a thorough review, see [1] ). The first step, initiation, is an extremely complicated and highly regulated process that results in positioning MettRNA i (initiator methionyl-tRNA) and the start (AUG) codon in the P-site (peptidyl site) of the ribosome, establishing the correct point on an mRNA at which to begin translation. Initiation at the wrong codon is a potentially serious problem for a cell because it will result in the production of a miscoded protein, and thus numerous steps have been incorporated to ensure that the correct start site is chosen. Although there is a common underlying pathway for translation in all domains of life, the components and their roles in the process differ between bacteria, archaea and eukaryotes.
Translation initiation in the three domains
Bacteria make use of three IFs (initiation factors) to assemble a ribosome on an mRNA. IF1 binds to the A-site (acceptor site) of the small (30S) ribosomal subunit [2] and is thought to block the fMet-tRNA i (initiator formylmethionyl-tRNA) binding there, instead directing its binding to the P-site. IF2, a GTPase, binds fMet-tRNA i both on and off the ribosome and facilitates 50S ribosomal subunit joining. An antiassociation factor, IF3, plays a role in recycling as well as indirectly monitoring the codon-anticodon interactions between the mRNA and fMet-tRNA i in the ribosomal P-site. Most bacterial mRNAs contain a Shine-Dalgarno sequence comKey words: G-protein, initiation factor, ribosomal subunit joining, translation initiation. Abbreviations used: aIF, archaeal initiation factor; A-site, acceptor site; eIF, eukaryotic initiation factor; GAP, GTPase-activating protein; fMet-tRNAi, initiator formylmethionyl tRNA; IF, initiation factor; Met-tRNAi, methionyl tRNA; PABP, poly(A)-binding protein; p[NH]ppG, guanosine 5 -[β,γ -imido]triphosphate; P-site, peptidyl site; tRNAi, initiator tRNA. 1 To whom correspondence should be addressed (email jlorsch@jhmi.edu).
plementary to a short segment of the 3 -end of the small ribosomal subunit (16S) rRNA that serves to position the start codon in the ribosomal P-site [3] .
Translation initiation in archaea follows a hybrid mechanism, utilizing some factors more closely related to those in bacteria and others more similar to those in eukaryotes. Like bacteria and eukaryotes, archaea contain the two universal IFs IF1/eIF (eukaryotic IF) 1A and IF2/eIF5B [called aIF (archaeal IF) 1A and aIF5B respectively] which have overlapping roles in all three domains [4] . Archaea also possess orthologues of eIF2, which assists in loading the tRNA i (initiator tRNA) on to the ribosome [5] , and eIF1 [6] (discussed in further detail below). The tRNA i in archaea is formylated as in bacteria, and, like the initiation pathway itself, contains a mixture of the sequence elements from both bacterial and eukaryotic tRNA i s [7] . However, most archaeal mRNAs are similar in structure to bacterial mRNAs, containing ShineDalgarno-like sequences and lacking 5 -caps. Finally, archaea do not appear to encode orthologues of eIF5, a GAP (GTPase-activating protein) for eIF2, or the eIF3 or eIF4F complexes, which are thought to act as scaffolds in eukaryotic translation to organize the initiating ribosome and the highly structured mRNA for the many interactions they must form.
Eukaryotes require a significantly larger number of components, at least 12 IFs, to accomplish essentially the same goals that bacteria can achieve with just three factors. Two of these components are universally conserved and perform some of the same functions in bacteria, archaea and eukaryotes. eIF1A, the eukaryotic orthologue of IF1 [6] , is thought to bind in a similar spot as it does in bacteria, near the A-site of the small (40S) ribosomal subunit, and promote Met-tRNA i binding to the P-site [4, 8, 9] . Likewise, eIF5B is the eukaryotic counterpart of IF2 and interacts with the initiating 80S ribosome in a position similar to IF2's binding site on the 70S ribosome [10] . In its GTP-bound form, eIF5B facilitates joining of the large (60S) ribosomal subunit to the initiating 40S subunit [11] . Unlike IF2, eIF5B has been shown to bind Met-tRNA i only very weakly in solution [12] , but it stabilizes the binding of Met-tRNA i in the initiation complex after subunit joining occurs [13] . Finally, although there is no detectable sequence similarity between eIF1 and IF3, their folds are similar and they appear to play analogous roles in monitoring the fidelity of start codon selection [14, 15] .
A heterotrimeric GTPase, eIF2, is required to deliver the tRNA i to the small ribosomal subunit in eukaryotes. Binding of tRNA i and GTP are coupled on eIF2, and, in the GTPbound state, eIF2 binds Met-tRNA i with high affinity [16] . On the ribosome, GTP hydrolysis by eIF2 is triggered by a GAP, eIF5, [17, 18] , and release of phosphate is triggered by start codon recognition [19] . The GDP-bound form of eIF2 has a low affinity for Met-tRNA i and is thought to dissociate from the ribosome at this point, leaving the tRNA in the P-site of the 40S subunit.
Many of the remaining factors are involved in binding mRNAs to the pre-initiation complex. There are several striking differences between eukaryotic mRNAs and those in bacteria and archaea. Eukaryotic mRNAs lack ShineDalgarno sequences, making start codon recognition a more challenging endeavour. They are also capped on their 5 -ends with a 7-methylguanosine cap and have on their 3 -ends long poly(A) tails. Both of these features are thought to facilitate binding of the mRNA to the pre-initiation complex. Eukaryotic ribosomes appear to bind near the 5 -end of an mRNA and scan in a 3 -direction in search of the start codon. In order for this to occur, secondary and tertiary structures in the 5 -end of the mRNA must be eliminated. The eIF4 group of factors are thought to manipulate the mRNA into a scanning-competent conformation. To start, eIF4E binds to the 7-methylguanosine cap, while the PABP [poly(A)-binding protein] binds to the poly(A) tail of the mRNA. The DEAD (Asp-Glu-Ala-Asp) box RNA-dependent ATPase eIF4A [20] is thought to eliminate secondary structure in the mRNA, perhaps in conjunction with Ded1p, another DEAD box protein, allowing eIF4B, a single-stranded RNA-binding protein [21] , to bind those sections of mRNA that have been unwound. eIF4G serves as a scaffold for many of these factors, including eIF4A, eIF4E and PABP [22] (together, eIF4A, eIF4E and eIF4G comprise the eIF4F complex) [23] . These factors may allow the ribosome to scan the mRNA in search of the start codon.
Another striking difference between eukaryotes and the other two domains is the presence of eIF3, a large multisubunit IF (for a review, see [24] ). eIF3 may act as the general scaffold of translation initiation, forming a multifactor complex (at least in yeast) and bringing all components of the process into close proximity, perhaps preventing them from getting too far away from each other so that they are always readily available at the site of translation. eIF3 has been shown to bind RNA (the small ribosomal subunit and mRNA) and protein factors (eIFs 1, 1A, 2, 5, and members of the eIF4F complex) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Through these dynamic interactions, eIF3 may serve as the glue that holds the complex mosaic of translation initiation together.
A working model of translation initiation in eukaryotes
Translation initiation in eukaryotes begins with the formation of the Met-tRNA i -eIF2-GTP ternary complex (Figure 1) . With the help of eIFs 1, 1A and 3, the Met-tRNA i -eIF2-GTP ternary complex is loaded on to the 40S ribosomal subunit, resulting in a 43S complex. At this stage, eIF4F in conjunction with PABP and eIF3 loads an mRNA on to the 43S complex. The 43S complex then scans along the mRNA from the 5 -end towards the 3 -end in search of the start codon. eIF2 within the 43S complex hydrolyses its bound GTP in the presence of eIF5, possibly establishing an equilibrium between GTP and GDP-P i in the complex. Cryoelectron microscopy and other studies suggest that eIF1 and eIF1A together maintain the initiating ribosome in an 'open' scanning-competent form until the start codon is located and codon-anti-codon base pairing is established [36] , at which point a conformational change occurs in the complex leading to a destabilization of eIF1 binding [37, 38] . Initial start codon recognition then results in dissociation of eIF1 from the pre-initiation complex, and a conformational change that switches the initiating ribosome into a closed scanning-arrested state. The loss of eIF1 may also free the C-terminus of eIF1A for interactions with eIF5 [39] , which stabilizes the closed state of the complex. Dissociation of eIF1 is also the trigger for P i release from eIF2, possibly because it allows eIF5's conformation or position in the complex to change. [19, 40, 41] .
The final known step in translation initiation is the joining of the 60S ribosomal subunit to the 40S pre-initiation complex. The second GTPase in the initiation pathway, eIF5B, facilitates this subunit joining step [11, 42] . GTP hydrolysis is not required for subunit joining itself, as 80S initiation complexes can be formed in the presence of p[NH]ppG (guanosine 5 -[β,γ -imido]triphosphate), but such complexes are incapable of catalysing peptide bond formation [11] . Instead, hydrolysis of GTP occurs after subunit joining, and weakens the factor's affinity for the 80S initiation complex, allowing release of eIF5B [13] . The resulting 80S initiation complex can then enter the elongation phase of translation.
A closer look at subunit joining
Although eIF5B clearly facilitates subunit joining, very little is known about how it does so. Many of the IFs bind to the intersubunit interface surface of the small ribosomal subunit and prevent the 60S subunit from joining to the pre-initiation complex, suggesting that dissociation of the remaining factors should occur prior to subunit joining. In this regard, perhaps eIF5B's role in subunit joining is to clear a path for the 60S subunit by removing bound IFs. We must therefore consider the fate of the IFs that act in early steps of initiation.
As discussed above, eIF1 dissociates from the 40S subunit upon start codon recognition and is thought to remain dissociated through the late steps of translation, although it may stay bound to eIF3 [43] . Presumably, eIF2 and eIF5 dissociate once P i is released from eIF2 after start codon recognition, as eIF2-GDP has a weaker affinity for the ribosome than does the ternary complex [44] . Until recently, little was known about the presence of eIF1A in the pre-initiation complex following start codon recognition. However, details of the fate of eIF1A during initiation have begun to emerge from studies of the interactions of eIF1A with other IFs. eIF1A has been shown to interact with eIF5 on the ribosome after start codon recognition [39] , suggesting that it remains bound after eIF1 has dissociated from the initiation complex.
eIF1A has also been shown to interact with eIF5B [29, 45, 46 ]. An NMR solution structure of the C-terminal domain of eIF5B bound to a peptide mimic of the unstructured C-terminus of eIF1A revealed that two C-terminal α-helices, H13 and H14, of eIF5B form a binding pocket for the C-terminal five residues of eIF1A, DIDDI (Asp-Ile-AspAsp-Ile) [47] (Figure 2) . Although IF1 and IF2, the bacterial orthologues of eIF1A and eIF5B respectively, are thought to interact on the bacterial ribosome [48] , this C-terminal interaction between eIF1A and eIF5B is unique to eukaryotes, as both bacteria and archaea lack the unstructured C-terminus of IF1/eIF1A and bacteria also lack the corresponding binding pocket on IF2 [47] . The biological role of this interaction has been explored using the reconstituted yeast translation initiation system of Algire et al. [49] . Deletion of the amino acids DIDDI, the eIF5B-interacting segment, from the extreme Cterminus of eIF1A resulted in a 20-fold decrease in the rate of GTP hydrolysis by eIF5B during translation initiation [50] . Individual amino acid substitutions identified the isoleucine residues as those responsible for the decrease; substitution of the aspartate residues did not affect the rate of GTP hydrolysis. This is consistent with the NMR data, which showed the largest changes in chemical shifts in the two isoleucine residues upon binding of DIDDI to eIF5B [47] .
Because GTP hydrolysis by eIF5B occurs after subunit joining, allowing eIF5B to dissociate from the 80S initiation complex [13, 50] , the decrease in GTP hydrolysis might be caused by a defect in subunit joining produced by deletion of the DIDDI sequence. In fact, 80S initiation complex formation in the presence of eIF1A-DIDDI was decreased 4-fold compared with wild-type eIF1A, suggesting that eIF1A's C-terminus plays a role in binding and/or positioning eIF5B during the process of subunit joining. Analysis of the levels of IFs in polysome fractions from formaldehydecross-linked whole-cell extracts supported this proposed role for eIF1A [46] . In the presence of wild-type eIF5B and eIF1A, a significant fraction of eIF5B was associated with 40S ribosomal subunits. Mutations in the C-terminus of either factor that alter the binding region for the other resulted in a decrease in eIF5B in 40S ribosome fractions, supporting the notion that eIF1A assists in recruiting eIF5B to the initiation complex via their C-terminal interaction.
With the understanding that eIF1A must remain bound to the initiating ribosome at least until just before the large ribosomal subunit's recruitment, the emerging question has become that of the timing and trigger of eIF1A dissociation from the complex. Recently, this question was addressed using immunoblotting of initiation complexes isolated by native gel electrophoresis: 80S initiation complexes formed with wild-type eIF5B bound to p[NH]ppG contained 40-70% more eIF5B and eIF1A than those formed with eIF5B bound to GTP, suggesting that eIF1A dissociation is coupled to the ability of eIF5B to dissociate from an initiating ribosome [46] .
There remains a significant amount to decipher about the transition from a 43S-mRNA complex to a functioning 80S initiation complex. The roles of eIF5B and eIF1A in subunit joining have been characterized [11, 13, 46, 50] , but the molecular details of their mechanisms of action remain fuzzy. Many of the experiments examining the interaction of eIF1A and eIF5B on various initiation complexes have been performed in non-equilibrium conditions (electrophoresis, centrifugation and formaldehyde-cross-linking) and thus we may not be observing the relevant states. It is unknown how eIF5B encourages joining of the large ribosomal subunit to the 43S initiation complex. Also, what is the post-subunit joining trigger for GTP hydrolysis by eIF5B? Does GTP hydrolysis trigger eIF1A release, or vice versa? How, and when, is eIF1A removed from the complex? A kinetic and thermodynamic analysis of the late steps of translation initiation could shed light on these and other important molecular events required for subunit joining and the formation of an 80S initiation complex capable of the transition to elongation. 
